Introduction
Complement is an important component of immunity, but inappropriate and excessive activation of the complement system is involved in numerous pathological conditions. Complement activation products that mediate tissue injury are generated at various points in the complement pathway. Complement activation on a cell surface results in the cleavage of serum C3 and the covalent attachment of C3 fragments that serve as opsonins for immune effector cells. C3 cleavage also results in the generation of C3a, a soluble anaphylatoxic peptide. Later in the pathway, serum C5 is cleaved to release soluble C5a, a potent anaphylatoxin and chemoattractant with a wide range of bioactive properties. Cleavage of C5 initiates formation of the membrane attack complex (MAC), a cytolytic protein complex that assembles in cell membranes (for a detailed description of the complement system and activation pathways, see Rother et al. [ref. 1] ).
Various types of complement-inhibitory proteins are currently under investigation for therapy of inflammatory disease and disease states associated with bioincompatibility (2) . Two of the best therapeutically characterized inhibitors of human complement are a soluble form of complement receptor 1 (sCR1) and an anti-C5 monoclonal antibody. These systemically active inhibitory proteins have shown efficacy in various animal models of disease and more recently in clinical trials (3) (4) (5) (6) (7) (8) (9) . Anti-C5 mAb inhibits the generation of C5a and the MAC, whereas sCR1 is an inhibitor of complement activation and also blocks the generation of C3 activation products. Soluble forms of human decay accelerating factor (DAF) and membrane cofactor protein (MCP), membrane inhibitors of complement activation, have also been shown to be protective in animal models of inflammation and bioincompatibility (10) (11) (12) (13) (14) . CD59 is a membrane inhibitor of complement that blocks assembly of the MAC by binding to C8 and C9 but does not affect generation of complement opsonins or C3a and C5a. Soluble forms of CD59 (sCD59) have been produced, but low functional activity in vitro, particularly in the presence of serum, suggests that unmodified sCD59 will have little or no therapeutic efficacy (15) (16) (17) (18) .
In a strategy to specifically target complement inhibitors to sites of complement activation and disease, recombinant fusion proteins consisting of a complement inhibitor linked to a C3 binding region of complement receptor (CR) 2 were prepared and characterized. Natural ligands for CR2 are C3 breakdown products deposited at sites of complement activation. Fusion proteins were prepared consisting of a human CR2 fragment linked to either the N terminus or C terminus of soluble forms of the membrane complement inhibitors decay accelerating factor (DAF) or CD59. The targeted complement inhibitors bound to C3-opsonized cells, and all were significantly more effective (up to 20-fold) than corresponding untargeted inhibitors at protecting target cells from complement. CR2 fusion proteins also inhibited CR3-dependent adhesion of U937 cells to C3 opsonized erythrocytes, indicating a second potential anti-inflammatory mechanism of CR2 fusion proteins, since CR3 is involved in endothelial adhesion and diapedesis of leukocytes at inflammatory sites. Finally, the in vivo validity of the targeting strategy was confirmed by the demonstration that CR2-DAF, but not soluble DAF, targets to the kidney in mouse models of lupus nephritis that are associated with renal complement deposition.
Targeting complement inhibitors to sites of complement activation and disease is likely to improve their efficacy. Since complement plays an important role in host defense and immune complex catabolism, targeted complement inhibitors may also reduce potentially serious side effects resulting from systemic complement inhibition, particularly long-term complement inhibition. Recently, a modified form of sCR1 decorated with sialyl Lewis x (sLe x ) was prepared and shown to bind to endothelial cells expressing P and E selectin. sCR1sLe x was shown to be a more potent therapeutic agent than sCR1 in rodent models of inflammatory disease (19) (20) (21) . Specific targeting of complement inhibitors to a cell surface has been achieved by linking complement inhibitors to antibody fragments containing an antigen binding site. In feasibility studies, antibody-DAF (22) and antibody-CD59 (23) fusion proteins were more effective in vitro at protecting targeted cells than untargeted cells from complement. Nonspecific membrane targeting of recombinant complement inhibitors has also been achieved by coupling inhibitors to membrane-inserting peptides (24, 25) . Here, we describe a novel means to target complement-inhibitory proteins that may have much broader therapeutic potential than previously described targeting strategies.
C3 activation fragments are abundant complement opsonins found at sites of complement activation, and they serve as ligands for various C3 receptors. One such receptor, complement receptor 2 (CR2), plays an important role in humoral immunity by way of its expression on mature B cells and follicular dendritic cells (26, 27) . CR2 is a member of the C3 binding protein family and consists of 15 or 16 short consensus repeat (SCR) domains, structural units that are characteristic of these proteins (28, 29) . Natural ligands for CR2 are iC3b, C3dg, and C3d, cell-bound breakdown fragments of C3 that bind to the two N-terminal SCR domains of CR2 (30, 31) . Cleavage of C3 results initially in the generation and deposition of C3b on the activating cell surface. The C3b fragment is involved in the generation of enzymatic complexes that amplify the complement cascade. On a cell surface, C3b is rapidly converted to inactive iC3b, particularly when deposited on a host surface containing regulators of complement activation (i.e., most host tissue). Even in the absence of membrane-bound complement regulators, substantial levels of iC3b are formed because of the action of serum factor H. iC3b is subsequently digested to the membrane-bound fragments C3dg and then C3d by factor I and other proteases, but this process is relatively slow (32, 33) . Thus, the C3 ligands for CR2 are relatively long lived once they are generated and will be present in high concentrations at sites of complement activation. For example, these C3 activation fragments have been shown to be present in the glomerulus in several forms of human glomerulonephritis (34) . Because of the presence of these ligands, we considered soluble CR2 a rational choice as a targeting moiety for delivery of complement inhibitors to sites of complement-associated disease. We demonstrate herein that CR2-targeted DAF and CD59 bind to C3-coated targets and are significantly more potent than their untargeted counterparts at providing protection from complement. We corroborate previous data showing that sCD59 is not an effective inhibitor of complementmediated lysis but show that CR2-mediated targeting of CD59 significantly increases its complementinhibitory activity. Data are also presented that indicate CR2 fusion proteins act as antagonists of CR3 (Mac-1, CD11b/CD18), a leukocyte receptor involved in leukocyte adhesion and activation. Finally, using a mouse model of lupus nephritis that is associated with renal complement deposition, we show that a CR2-linked inhibitor is preferentially targeted to the kidney.
Methods
Cell lines and DNA. All DNA manipulations were carried out in the mammalian expression vector PBM, derived from p118-mIgG1 (35) Figure 1 . cDNA constructs were prepared by joining the CR2 sequence encoding the four N-terminal SCR units (residues 1-250 of mature protein, Swissprot accession number P20023) to sequences encoding extracellular regions of DAF or CD59. The complement inhibitor sequences used encoded residues 1-249 of mature DAF protein sequence (Swissprot accession number P08174) and residues 1-77 of mature CD59 protein sequence (Swissprot accession number P13987). To join CR2 to complement inhibitor sequences, linking sequences encoding SS(GGGGS) 3 and (GGGS) 2 were used for fusion proteins containing CR2 at the C terminus and N terminus, respectively. Gene constructs were prepared by standard PCR methods (41) . All cloning steps were performed in the PBM vector that was also used for protein expression (35) . For expression, plasmids were transfected into CHO cells using lipofectamine according to the manufacturer's instructions (Invitrogen Corp.). Stably transfected clones were selected by limiting dilution as described (35) , and protein expression of clones was quantitated by ELISA.
ELISA and protein assays. Detection of recombinant proteins and determination of relative protein concentration in culture supernatants was achieved using a standard ELISA technique (36) . Depending on which type of recombinant protein was being assayed, the capture antibody was either anti-DAF mAb 1H4 or anti-CD59 mAb YTH53.1. Primary detection antibodies were either anti-DAF or anti-CD59 rabbit polyclonal antibody. In some ELISAs, anti-CR2 mAb 171 was also used as primary detection antibody, and although the assay was less sensitive with this antibody, similar data were obtained. The protein concentration of purified recombinant proteins was determined using a bicinchoninic acid protein assay kit (Pierce Chemical Co., Rockford, Illinois, USA).
Protein purification. Recombinant proteins were purified from culture supernatant by affinity chromatography. Affinity columns were prepared by coupling either anti-DAF 1H4 mAb or anti-CD59 YTH53.1 mAb to HiTrap NHS-activated affinity columns (Pharmacia Biotech, Piscataway, New Jersey, USA) according to the manufacturer's instructions. Culture supernatants containing recombinant proteins were adjusted to pH 8.0 and applied to affinity columns at a flow rate of 0.5 ml per minute. The column was washed with 6-8 vol of PBS, and recombinant proteins were eluted with 2-3 column vol of 0.1 M glycine (pH 2.4). The fractions containing fusion protein were collected into tubes containing 1 M Tris buffer (pH 8.0) and dialyzed against PBS.
SDS-PAGE and Western blotting. Purified recombinant proteins were separated in SDS-PAGE 10% acrylamide gels (Bio-Rad Life Science, Hercules, California, USA) under nonreducing conditions. Gels were stained with Coomassie blue. For Western blotting, standard procedures were followed (36) . Briefly, separated proteins were transferred to a polyvinylidene fluoride membrane, and the transferred proteins were detected by means of either anti-DAF mAb 1H4 or anti-CD59 mAb YTH53.1. Membranes were developed with an ECL detection kit (Amersham Biosciences, Piscataway, New Jersey, USA). CR2-CD59 was also analyzed by SDS-PAGE after glycanase treatment. CR2-CD59 (2 µg) was heated at 95°C for 3 minutes in 15 mM sodium phosphate buffer (pH 7.5) containing 0.1% SDS, 10 mM 2-mercaptoethanol, and 5 mM EDTA. After cooling, CR2-CD59 was incubated with 3 U of Flavobacterium meningosepticum N-glycanase (EC 3.5.1.52, Sigma-Aldrich) for 20 hours at 37°C in the presence of 1% Nonidet P40 and 0.3 mM PMSF.
Flow cytometry. Binding of recombinant fusion proteins to C3-opsonized cells was determined by flow cytometry. CHO cells were incubated in 10% anti-CHO antiserum (30 minutes at 4°C), washed, and opsonized with C3 by incubation in 10% C6-depleted NHS (45 minutes at 37°C). The C3-opsonized cells were then washed and incubated with 1 µM recombinant protein (60 minutes at 4°C). After washing, cells were incubated with 10 µg/ml of either anti-DAF mAb 1H4 or anti-CD59 mAb YTH53.1 as appropriate (30 minutes at 4°C), followed by FITC-conjugated secondary antibody (1:100, 30 minutes at 4°C). Cells were then washed, fixed with 2% paraformaldehyde in PBS, and analyzed using a FACScan flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, California, USA). All incubations and washes were performed in DMEM.
Analysis of CR2 fusion protein binding to C3 ligand. Kinetic analysis of the interaction of the CR2 fusion proteins with C3dg-biotin was performed using surface plasmon resonance (SPR) measurements made on a BIAcore 3000 instrument (Biacore AB, Uppsala, Sweden). Human C3dg-biotin, prepared as described (42), was bound to the surface of BIAcore streptavidin sensor chips by injecting C3dg-biotin at 50 µg/ml over the surface of one flow cell of the chip at 2 µl per minute for 20 minutes. The flow buffer was 0.5× PBS (pH 7.4) plus 0.05% Tween 20. The SPR signal from captured C3dg generated BIAcore response units ranging from 250 to 500. Control streptavidin-coated flow cells were run in the absence of protein. Binding was evaluated over a range of CR2 fusion protein concentrations (15.6-500 nM) in 0.5× PBS and 0.05% Tween 20 at 25°C at a flow rate of 25 µl per minute. CR2 fusion protein samples were injected in 50 µl aliquots using the kinject command. Association of the fusion proteins with the ligand was monitored for 120 seconds, after which the complex was allowed to dissociate in the presence of buffer only for an additional 120 seconds. The binding surface was regenerated between analyses of different fusion protein concentrations by a 10-second pulse of 200 mM sodium carbonate (pH 9.5) at 50 µl per minute. Binding of CR2 fusion protein fragments to C3dg-immobilized flow cells was corrected for binding to control flow cells. Binding data were fitted to a 1:1 Langmuir binding model using BIAevaluation Version 3.1 software (BIAcore) and evaluated for best fit by low residual and χ 2 values. The kinetic dissociation profiles obtained were used to calculate on and off rates (k a and k d ) and affinity constants (K D ) using the BIAevaluation Version 3.1 program. Between experiments, the streptavidin surface was regenerated with a 60-second pulse of 50 mM sodium hydroxide (pH 12.5) at 50 µl per minute, and C3dg-biotin was reapplied as described above.
Complement lysis assays. CHO cells at 60-80% confluence were detached with versene (Invitrogen Corp.), washed twice, and resuspended to 10 6 cells per milliliter in DMEM. Cells were sensitized to complement by adding 10% rabbit anti-CHO cell membrane antiserum to cells (30 minutes at 4°C). Antiserum was then removed, and cells were resuspended in NHS diluted in DMEM. Final assay volumes were either 50 or 100 µl. After 60 minutes at 37°C, cell viability was determined either by trypan blue exclusion (both live and dead cells counted) or 51 Cr release (43) . Both assays gave similar results. To assay complement-inhibitory activity of recombinant proteins, the proteins were diluted in DMEM and added to NHS before addition to CHO cells. A final concentration of 10% NHS was used that resulted in approximately 90% lysis of unprotected antibody-sensitized CHO cells. Inhibition of complement-mediated hemolysis was determined using antibody-sensitized sheep erythrocytes (EAs) (Advanced Research Technologies, San Diego, California, USA). Hemolytic assays were carried out in gelatin veronal buffer (GVB ++ ) (Advanced Research Technologies) in a final volume of 300 µl containing 2.5 × 10 7 EAs, NHS at a final dilution of 1:300, and incremental concentrations of fusion protein. Reaction mixtures were incubated at 37°C for 60 minutes, and reactions were stopped by addition of 300 µl of PBS containing 10 mM EDTA. Cells were removed by centrifugation, and cell lysis was assayed by spectrophotometric quantitation of hemoglobin in the supernatant at 413 nm.
Adhesion of U937 cells to erythrocytes. Assays of CR3-dependent adhesion to C3-opsonized erythrocytes were performed essentially as described (44) . Briefly, fresh sheep erythrocytes (SRBCs) were sensitized with a predetermined subagglutinating amount of rabbit anti-SRBC IgM for 30 minutes at 37°C in GVB (Advanced Research Technologies). After washing twice, C3b-opsonized SRBCs were prepared by incubating IgM-sensitized SRBCs with an equal volume of a 1:2 dilution of C6-deficient human serum in GVB ++ (120 minutes at 37°C). Cells were washed twice and pellets resuspended in GVB. Most of the C3 bound to erythrocytes after this treatment is in the form of iC3b or C3d degradation products (CR2 ligands) because of the short half-life of C3b in serum. U937 cells (4 × 10 5 cells in 200 µl) were added to 50 µl of C3-opsonized SRBCs (2 × 10 6 cells), and the mixture was centrifuged (4 minutes per 40 g) and left at room temperature for 90 minutes. Cells were then examined by phase-contrast microscopy, and the number of U937 cells adherent to erythrocytes was determined. At least 100 erythrocytes were scored per sample, and the average number of U937 cells bound per erythrocyte was calculated. Triplicate determinations were made for each experiment performed. In some experiments, U937 cells were cultured for 3 days in the presence of 50 ng/ml PMA before harvest, a treatment that results in upregulation of CR3 (45, 46) . Cells incubated with IgM-coated SRBCs alone or SRBCs incubated directly with C6-deficient human serum were used as controls.
Biodistribution studies. Standard procedures for determining tissue distribution of injected radiolabeled proteins were followed (47, 48) . Briefly, 1.7 µg of 125 I-labeled CR2-DAF or soluble DAF (sDAF) was injected into the tail vein of 34-week-old (CR2-DAF at 4.20 × 10 6 cpm/µg and sDAF at 4.84 × 10 6 cpm/µg) or 8-week-old (CR2-DAF at 3.75 × 10 6 cpm/µg and sDAF at 3.58 × 10 6 cpm/µg) female NZB/NZW F1 mice (Jackson Labs, Bar Harbor, Maine, USA). Twenty-four or forty-eight hours after injection, mice were sacrificed, a blood sample was taken, and major organs were removed, shredded, and washed in PBS containing 10 mM EDTA and then weighed and counted. Targeting specificity was evaluated as percent injected dose per gram of tissue. Proteins were iodinated using the iodogen method according to the manufacturer's instructions (Pierce Chemical Co.).
Immunofluorescence microscopy. CR2-DAF or sDAF (270 µg) was injected into the tail vein of 24-week-old MRL/lpr mice. Twenty-four hours later, kidneys were removed and snap frozen. Cryostat sections (5 µM) prepared from frozen kidneys were fixed in acetone and processed for indirect immunofluorescence microscopy. An equimolar mixture of mouse antihuman DAF 1A10 and 1H6 mAbs were used as primary detection antibodies (final concentration, 10 µg/ml) with an anti-mouse IgG Fc-specific FITC-conjugated secondary antibody (F4143, Sigma-Aldrich). Standard procedures were followed (49) , except that to reduce background staining, most likely caused by deposited immune complexes in the mouse kidney, the secondary FITC-labeled antibody was diluted 1:800 (10 times the recommended dilution). Digital images were acquired and optimized with Adobe Photoshop using identical settings.
Results

Construct design, expression, and purification.
Recombinant fusion proteins contained the four N-terminal SCR units of human CR2 linked to either the N terminus or the C terminus of soluble forms of human CD59 or DAF (constructs depicted in Figure 1 ). Recombinant proteins were purified from the culture supernatant of stably transfected CHO cell clones with yields of between 100 and 200 µg/l. Analysis of purified recombinant proteins by SDS-PAGE and Western blot revealed proteins within the expected molecular weight range ( Figure  2) , and except for CR2-CD59, all proteins migrated as a single band. The two bands seen for CR2-CD59 were due to differences in glycosylation, since CR2-CD59 migrated as a single band after glycanase treatment (data not shown).
Targeting of fusion proteins to complement opsonized cells. C3 ligand for CR2 was deposited on CHO cells by incubation of CHO cells with complement-activating antibody and C6-depleted serum (to prevent MAC formation and cell lysis). C3 opsonization was confirmed by flow cytometric analysis using an antibody specific for human iC3b (50) . All CR2-containing fusion proteins, but not sCD59 or sDAF, bound to C3-coated CHO cells (Figure 3) .
Kinetic analysis of interaction between fusion proteins and C3dg ligand.
A comparison of the affinity of the different recombinant fusion proteins for the CR2 ligand C3dg was determined by SPR measurements. The experiments were performed by passing varying concentrations of the fusion proteins over Biacore streptavidin chips containing captured C3dg-biotin. Kinetic analysis of the data showed the best fit to a 1:1 (Langmuir) binding interaction model using global fitting parameters (Figure 4) . Both of the fusion proteins with 
CR2 at the N terminus (CR2-DAF and CR2-CD59)
showed similar binding profiles, with fast association and dissociation rates. In contrast, binding of fusion proteins with CR2 at the C terminus (DAF-CR2 and CD59-CR2) showed slow association and dissociation rates ( Figure 4 and Table 1 ). The N-terminal CR2 fusion proteins, however, bound with the highest affinity (Table 1) . CD59 fusion proteins bound with a higher affinity than DAF fusion proteins. Affinity constants of the CR2 fusion proteins for C3dg were between the ranges previously published for the interaction between CR2 and C3dg (42, 51) . Soluble DAF and sCD59 did not bind to immobilized C3dg (data not shown). Although N-terminal CR2 fusion proteins bind C3dg with a higher affinity than C-terminal counterparts, flow cytometry indicated that a larger amount of the C-terminal CR2 fusion proteins bound to C3-opsonized CHO cells than did the corresponding N terminus CR2 fusion proteins (Figure 3) . The reason for this may be due to different geometries and accessible surface domains of bound fusion proteins that may affect the interaction of anti-DAF or anti-CD59 detection antibodies used for flow cytometry or, alternatively, to differences in the form(s) of C3 activation fragments on the cell surface as compared with C3dg on Biacore chips. Further analysis is needed to resolve this issue, but the results of functional studies reported below support the former interpretation.
Complement-inhibitory activity of fusion proteins. Complement-inhibitory activity of the targeted and untargeted complement inhibitors was analyzed by measuring their effect on complement-mediated lysis of both CHO cells and erythrocytes. In these experiments, antibody-sensitized cells and recombinant proteins were incubated in human serum at a concentration that resulted in 90-100% lysis of unprotected cells. For both cell types, the targeted complement inhibitors were significantly more effective than their respective untargeted proteins at inhibiting complement-mediated lysis. Targeted DAF proteins were more effective inhibitors than targeted CD59 (Figures 5 and 6 ). Fusion proteins containing CR2 linked to the N terminus of either DAF or CD59 were more effective inhibitors than C-terminal CR2 fusion proteins. The most potent inhibitor of complement lysis was CR2-DAF, requiring a concentration of 18 nM for 50% inhibition of CHO cell lysis. In contrast, untargeted sDAF required a concentration of 375 nM for 50% inhibition of CHO cell lysis, a 20-fold difference (Figure 5a ). sCD59 was a particularly poor inhibitor of complement and provided only 25% protection from CHO cell lysis at 500 nM, the highest concentration tested. CR2-CD59, however, provided 50% inhibition of CHO cell lysis at 102 nM and was more effective than untargeted sDAF (Figure 6a) . Table 2 compares the inhibitory activities of the various recombinant complement inhibitors. The higher complement-inhibitory activity of the N-terminal CR2 fusion proteins correlated with the higher affinity these proteins exhibited for C3dg ligand (Table 1) .
There were some differences between the relative effectiveness of the complement inhibitors at protecting CHO cells and erythrocytes from complementmediated lysis. This was particularly true for the DAF inhibitors; sDAF was significantly more effective at protecting erythrocytes than CHO cells from complement, although targeted DAF was still more effective. There was also little difference in the inhibitory activity of CR2-DAF and DAF-CR2 when erythrocytes were the target cells for complement lysis.
Effect of CR2 fusion proteins on cell adhesion. CR3 is a leukocyte receptor involved in endothelial adhesion, diapedesis, and the activation of cell cytolytic 
Figure 5
Inhibition of complement-mediated lysis by recombinant sDAF and DAF fusion proteins. Antibody-sensitized CHO cells (a) or SRBCs (b) were incubated with recombinant protein and 10% human serum (CHO cells) or 0.33% human serum (erythrocytes). These concentrations resulted in approximately 90% lysis of unprotected cells. Lysis was determined after 60 minutes at 37°C. Background lysis determined by incubating cells in heat-inactivated serum was less than 5% and was subtracted (mean ± SD, n = 4).
mechanisms (phagocytosis and degranulation). Since CR2 and CR3 share the same iC3b complement ligand, we determined whether CR2 fusion proteins interfered with CR3-mediated cell binding. For these experiments, we used U937, a well-characterized promonocytic cell line (CR2 -, CR3 + ) that binds to iC3b-coated erythrocytes in a CR3-dependent mechanism (46) . All of the CR2 fusion proteins, but not sDAF or sCD59, significantly inhibited the binding of U937 cells to C3-opsonized SRBCs (P < 0.01). For this in vitro feasibility experiment, we used a relatively high 500-nM concentration of CR2 fusion protein, and each fusion protein inhibited U937 binding to a similar extent (Figure 7 ). Similar data were obtained in an experiment using U937 cells that were stimulated with PMA (data not shown), a treatment that results in upregulation of CR3 (45, 46) . For complement opsonization of erythrocytes, IgM was used to activate complement, since IgG deposited on the erythrocytes would engage Fc-γ receptors expressed on U937 cells. In control experiments, U937 cells did not bind to SRBC preincubated with either IgM or C6-deficient human serum alone (data not shown). U937 cells also express CR4 (p150, 95, CD11c/CD18), a third complement receptor recognizing the iC3b ligand. However, binding of U937 cells to C3-opsonized erythrocytes is CR4-independent and appears to be related to the association of CR4 with the cytoskeleton and its immobility in the membrane (46) .
Targeting of CR2-DAF to the kidneys of nephritic mice.
To determine whether a CR2 fusion protein will target a site of complement activation and disease in vivo, a biodistribution study of CR2-DAF and sDAF in female NZB/W F1 mice was performed. NZB/W F1 mice develop a spontaneous autoimmune disease that is very similar to human systemic lupus erythematosus (SLE), with the production of autoantibodies and the development of severe immune complex-mediated glomerulonephritis that is associated with complement deposition from 26 to 28 weeks of age (4, 52 Inhibition of complement-mediated lysis by recombinant sCD59 and CD59 fusion proteins. Antibody-sensitized CHO cells (a) or SRBCs (b) were incubated with recombinant protein and 10% human serum (CHO cells) or 0.33% human serum (erythrocytes). These concentrations resulted in approximately 90% lysis of unprotected cells. Lysis was determined after 60 minutes at 37°C. Background lysis determined by incubating cells in heat-inactivated serum was less than 5% and was subtracted (mean ± SD, n = 4).
Table 2
Concentration of complement inhibitor providing 50% inhibition of lysis
Recombinant protein CHO cell lysis (nM) Erythrocyte lysis (nM)
CR2 -DAF  18  21  DAF-CR2  74  33  sDAF  375  90  CR2-CD59  102  91  CD59-CR2  NA  225  sCD59 NA NA NA, not available.
to female NZB/W F1 mice, MRL/lpr mice develop severe proliferative glomerulonephritis with the deposition of complement in association with glomerular immune deposits by 24 weeks of age (53) . CR2-DAF and sDAF were injected into the tail vein of 24-week-old MRL/lpr mice, and kidney sections were analyzed 24 hours later for human DAF immunoreactivity by fluorescence microscopy. Kidney sections from a mouse injected with CR2-DAF displayed a high level of DAF staining, with preferential localization in glomeruli in a pattern identical to that seen for immune complexes.
No DAF staining was evident in glomeruli from a mouse injected with sDAF ( Figure 9 ).
Discussion
This study describes the generation and characterization of soluble human DAF and CD59-containing proteins that are targeted to a site of complement activation. Targeting of CD59 and DAF was achieved by linking the inhibitors to a fragment of human CR2 that binds complement C3 activation products. The targeted proteins were significantly more potent than their untargeted counterparts at inhibiting complement. The C3 ligands for CR2 are relatively long lived and are covalently bound, often in large quantities, at sites of complement activation. Thus, CR2-mediated targeting of complement inhibition has the potential to be of therapeutic benefit for numerous complementassociated diseases or disease states. Consistent with this hypothesis, CR2-DAF was shown to target to the kidneys of nephritic NZB/W F1 mice. These mice produce autoantibodies with consequent formation and deposition of immune complexes in the kidney, resulting in complement activation and deposition (4, 52) . Human CR2 binds human and mouse C3 ligands with similar affinities (54) , and the biodistribution and microscopy studies establish that a CR2 fusion protein retains targeting function in vivo. However, human CD59 and soluble human DAF are poor inhibitors of rodent complement relative to their activity against human complement (with the exception of human DAF activity against the rat alternative pathway of activation) (43, 55, 56) , and so the complement-inhibitory
Figure 7
Effect of recombinant fusion proteins on U937 cell adhesion. SRBCs were sensitized with IgM antibody and incubated in C6-deficient serum. C3-opsonized erythrocytes were coincubated with U937 cells in the presence of 500 nM recombinant fusion protein or PBS. After incubation, the average number of U937 cells bound per erythrocyte was determined by microscopy (mean ± SD, n = 3).
Figure 8
Biodistribution It is tempting to speculate that differences between the complement-inhibitory activity of the N-and Cterminal fusion proteins are due to the different C3dg ligand binding characteristics of the proteins. N-terminal CR2 fusion proteins were the most potent complement inhibitors, and these proteins bound C3dg with a higher affinity and with faster association and dissociation rates than C-terminal CR2 fusions. However, the difference in C3dg ligand affinity between the two CD59 fusion proteins and between the two DAF proteins was not great. One conceivable reason that a fast on-off rate may be advantageous could be related to cell surface "mobility" or the frequent release of the complement inhibitor from a fixed orientation, allowing frequent opportunities for more favorable positioning of the inhibitor for interaction with C3b or nascent MAC ligand (depending on the type of inhibitor). For CD59 in particular, previous data suggest that positioning relative to the site of MAC formation is important for its function (23, 57) . Other possible reasons for the differences in the complement-inhibitory activity of N-and C-terminal CR2 fusion proteins include different positioning of the inhibitor moiety relative to its ligand at the cell surface and steric hindrance of the inhibitor's ligand binding site. The relative affinities of the different CR2 fusion proteins for C3dg are reminiscent of the affinities of CR2-SCR 1-2 and CR2 SCR 1-15 for C3dg. The K D values for CR2 SCR1-2 and CR2 SCR 1-15 interactions with C3dg were similar, but CR2 SCR 1-2 associated and dissociated much faster, suggesting a contribution of the additional SCR domains to overall affinity (42) . Analysis of the solution structure of another SCR-containing protein, factor H, indicated that SCR domains are folded back on themselves and interactions between SCR domains may modulate C3 ligand binding characteristics (58) . Conformational variability between SCR domains is predicted to result from different (native) linker lengths, with longer linkers providing greater conformational flexibility. In this context, the CR2 and DAF SCR domains are linked with a relatively long Ser-Gly linker, and this may permit the fusion partners to fold back on one another, resulting in SCR-SCR interactions that may modulate CR2 binding affinity. This is a possible explanation for the lower K D of the DAF fusion proteins for C3dg as compared with the CD59 fusion proteins (CD59 is a single-domain compact globular protein with no SCR homology).
Complement-mediated lysis assays were performed using antibody-sensitized CHO cells or SRBCs as targets. There were marked differences in the relative activities of some of the complement inhibitors for protecting the different cells from complement-mediated lysis. sDAF, DAF-CR2, and CD59-CR2 were significantly more effective at protecting sheep erythrocytes than CHO cells from complement-mediated lysis. The reason for these differences is not clear, but it may be related to the multihit characteristics of nucleated cell lysis. Unlike erythrocytes, complementmediated lysis of nucleated cells is not entirely due to colloid osmotic deregulation, and the deposition of multiple MACs in the plasma membrane is required (59) (60) (61) . Most of the previous studies investigating the inhibitory activity of soluble (untargeted) complement inhibitors have been performed using erythrocytes as target cells for complement-mediated lysis. However, CHO cells most likely represent a more physiologically relevant target for in vitro experiments. Human cells were not used as targets in our experiments, since the expression of endogenous complement-inhibitory proteins would make interpretation of data difficult, and human erythrocytes and most human cell lines are resistant to lysis by human complement in vitro unless the function of endogenously expressed complement inhibitors is blocked.
Various mechanisms of complement-mediated damage are implicated in different disease conditions, and different diseases will most likely benefit from inhibition strategies acting at various points in the complement pathway. For example, if applicable for the disease, a particular benefit of blocking complement at a late step in the pathway would be that host defense functions and immune homeostasis mechanisms of complement would remain intact. Thus, a CD59-based inhibitor would provide advantages over inhibitors of complement activation (such as DAF and sCR1) in diseases in which the terminal cytolytic pathway is primarily implicated in pathogenesis. Soluble CD59 is unlikely to have therapeutic benefit because of its very poor activity in vitro, but we have shown that CR2-mediated targeting of CD59 significantly increased its complement-inhibitory activity. In fact, CR2-CD59 was more effective at inhibiting complement-mediated lysis than sDAF, and sDAF has shown therapeutic efficacy in vivo (11) . Rodent analogues of CR2-CD59 may also be useful tools for dissecting the relative roles of early complement activation products versus MAC formation in disease pathogenesis. The relative contributions of the various complement activation products to tissue injury in many disease states is poorly understood and controversial.
The CR2 fusion proteins inhibited the binding of U937 cells to C3-opsonized erythrocytes. CR2 and CR3 both bind iC3b, and our data indicate that CR2 fusion proteins act as CR3 antagonists, since U937 binding to C3-opsonized erythrocytes is CR3 dependent (46) . As an adhesion molecule, CR3 mediates endothelial adhesion and diapedesis at sites of inflammation through its high-affinity interaction with ICAM-1. As a complement receptor, CR3 promotes and enhances phagocytosis and degranulation through its interaction with iC3b. Both ICAM-1 and iC3b bind to overlapping epitopes on CR3 (62) . CR3 can thus be an important determinant in promoting cell-mediated tissue damage at sites of inflammation, and antibodies that block CR3 have shown effectiveness in several inflammatory conditions (62) . The antagonistic effect of CR2 on CR3 binding therefore indicates a second potential antiinflammatory mechanism of action of the CR2 complement-inhibitor fusion proteins that may act synergistically with complement inhibition. Of further relevance, soluble CR2 has been shown to suppress antibody responses in mice (54) , and CR2 complementinhibitor fusion proteins may have additional immunologic effects that will need to be investigated.
In summary, targeting complement inhibitors to sites of complement activation and disease is likely to considerably enhance their efficacy. Indeed, the data indicate that for disease states that would benefit from CD59-based therapy, the targeting of CD59 to the site of complement activation will be a requirement. An advantage of CR2-mediated targeting over other targeting approaches, such as antibody-mediated targeting or sLe x -mediated targeting to adhesion molecules, is that the CR2 moiety will target any accessible site of complement activation and will have broad therapeutic potential. CR2 fusion proteins can also act as CR3 (and CR2) antagonists, and this may represent a second and potentially important therapeutic benefit. Human CR2 complement-inhibitor fusion proteins are also less likely to be immunogenic than recombinant inhibitors containing antibody variable regions. The predicted ability of targeted inhibitors of complement activation to provide an effective local concentration with low levels of systemic inhibition also diminishes the possibility of compromising host defense mechanisms, particularly with long-term systemic complement inhibition (this is a less important consideration for CD59-based inhibitors). CR2-targeted inhibitors may also target infectious agents that activate complement, but whether this would seriously interfere with complement-dependent defense pathways is difficult to predict. This would depend on such considerations as the rate of pathogen multiplication relative to effective inhibitor levels both in the circulation and retained on host tissue at sites of complement activation.
